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Summary
Alignment of the body to the gravitational vertical is
considered to be the key to human bipedalism. How-
ever, changes to the semicircular canals during hu-
man evolution [1–3] suggest that the sense of head ro-
tation that they provide is important for modern human
bipedal locomotion. When walking, the canals signal
a mix of head rotations associated with path turns, bal-
ance perturbations, and other body movements. It is
uncertain how the brain uses this information. Here,
we show dual roles for the semicircular canals in bal-
ance control and navigation control. We electrically
evoke a head-fixed virtual rotation signal from semicir-
cular canal nerves [4–6] as subjects walk in the dark
with their head held in different orientations. Depend-
ing on head orientation, we can either steer walking
by ‘‘remote control’’ or produce balance disturbances.
This shows that the brain resolves the canal signal ac-
cording to head posture into Earth-referenced orthog-
onal components and uses rotations in vertical planes
to control balance and rotations in the horizontal plane
to navigate. Because the semicircular canals are con-
cerned with movement rather than detecting vertical
alignment, this result shows the importance of move-
ment control and agility rather than precise vertical
alignment of the body for human bipedalism.
Results and Discussion
Walking requires two independent and simultaneous
actions from the brain: one action to balance the body
upright and the other to steer a path across the ground.
The brain uses sensory information to control both pro-
cesses. Many types of sensory information including
information from the visual and vestibular systems are
used to control human upright balance. Navigation
also depends on vision as it delivers information from
afar about the bearing and distance of an intended tar-
get. However, the brain does not usually track a visual
*Correspondence: r.fitzpatrick@unsw.edu.autarget continuously to steer a particular path. Instead,
the brain uses internal representations or maps of the
external world to guide walking. This experience is very
clear when we get up at night in the dark and walk around
in familiar surroundings. The brain operates this way
most of the time. Vision is used intermittently to update
the internal map and the representation of the path to
the target. This frees the visual sense to explore other
features of the environment. In between these updates,
we walk by dead reckoning, meaning we estimate our
position by integrating the course and distance travelled
since last fixing our position [7]. However, a sensory sys-
tem is still required to monitor continuously the trajectory
of walking during these dead-reckoning periods. One
contribution most likely comes from the inner ear. Here,
the vestibular system is known to feed head-direction
cells and place cells of navigation networks [8]; addition-
ally, its disruption in humans produces navigation errors
during walking without vision [9].
For the visual system, one can appreciate that the sep-
arate signals required for balance and navigation are
represented as independent features of the visual image.
Those features that relate to uprightness, such as build-
ings, trees, and horizons, provide a signal of the vertical,
whereas coherent shifts of the optic flow on the retinal
image indicate self-motion, planned or otherwise [10].
At the same time, the bearing of the destination is spa-
tially encoded directly onto the retina and its topographic
projections in the brain. This is not so for the vestibular
system whose signals provide the complementary sense
of orientation and movement in the gravito-inertial refer-
ence frame. For example, the semicircular canals, the
vestibular sensors that signal head rotation, send to
the brain just a single angular-motion vector that
changes in time as the head moves in space. Part of
this signal may be due to rotations of the head caused
by balance perturbations, and part may be due to rota-
tions as the body moves along a curved path. If the uni-
tary semicircular canal signal is to contribute simulta-
neously to both balance and navigation functions, then
the brain must extract those parts of the signal that are
relevant to each function. This cannot be done on the ba-
sis of the spatial orientation of the canals within the skull.
For example, although a signal from the lateral canals
may indicate that the body is walking a curved path
when the head is upright, the same signal could mean
that the body is toppling sideways when the head is fac-
ing down. Thus, the brain needs information about the
current posture of the head because that posture alters
the meaning of signals coming from the semicircular
canals. This information could be obtained from other
sensory signals or perhaps its own motor command to
posture the head.
To investigate this process, we examined the walking
of normal subjects while they were blindfolded. During
some walks, we gave subjects a signal of head rotation
that can be regarded as virtual rotation because, despite
the semicircular canals telling the brain that the head
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1510Figure 1. Walking Trajectories
Foot placements of the typical subject as she attempted to walk toward the target while holding her head in three pitch alignments (1 m grid). The
white footprints are for the walk with the anodal electrode on the left (+i2i), and the dark gray footprints are for that with the anode-right (2i +i).
The light gray steps, which head toward the target, are with no stimulus current (0i).was turning in space, there was no actual movement
corresponding to the signal. This virtual head rotation
was produced by electrical stimulation of the vestibular
nerves. Several lines of evidence from animal and hu-
man studies indicate that this stimulus changes the fir-
ing rates of afferent nerves from the semicircular canals
(angular acceleration detectors) and the otolith organs
(linear acceleration detectors) [4]. However, theoretical
considerations and empirical evidence suggest that
the dominant signal arises from the semicircular canals
to produce a net signal of head rotation [5, 11, 12]. The
important point for this experiment is that the direction
and axis of this virtual rotation is fixed in the coordinate
frame of the head because the vestibular organs are
fixed in the skull. Thus, tilting the head allows us to
change the angle between the direction of the virtual ro-
tation and the true vertical. When the virtual head rota-
tion axis is aligned with the vertical, the vestibular signal
would indicate that the body is rotating in yaw about
a vertical axis. During walking, this yaw signal represents
turning to one side and is therefore a signal relevant to
navigation. However, when the same virtual rotation is
about a horizontal axis, the vestibular signal would indi-
cate that the head and body are rotating as if falling,
a signal relevant to balance.
We found that, depending on the orientation of the
head, the same electrical vestibular stimulus had power-
ful effects on either steering or balance while subjects
walked. They attempted to walk to a target 6 m directly
ahead of their starting point, which they viewed before
the blindfold was applied. They walked straight ahead
without any stimulus and made only small errors inreaching the target (Figure 1, gray steps; directional er-
ror 3.76 31.6 cm to the right [mean6SD], absolute error
24.4 6 20.1 cm); this was not affected by head position.
If the vestibular stimulus was presented when subjects
walked while holding the head tilted backward (facing
the sky) or forward (facing the floor), they walked a
smooth curved path that steered them away from the
target, although they believed that they were walking
straight toward it. With the head tilted forward (Figure 1,
right) and the anodal electrode on the right (black foot-
steps), subjects turned to the right. This is consistent
with the stimulus evoking a rotational signal of yaw to
the left from the semicircular canals; the guidance sys-
tem compensates for this signal by turning to the right.
Then the net signal from the semicircular canals—the
sum of the virtual signal plus that from their actual
turn—indicates no rotation. Reversing the direction of
virtual rotation by flipping the stimulus polarity (white
footsteps) reversed the direction of curvature. Walking
with the head tilted backwards and walking with the
head tilted forwards resulted in deviations of opposite di-
rections. Excluding the first step, which was in alignment
with the path, mean curvature per step was 4.6 6 0.08
for these head positions 0.1 6 0.02 step for the no-
stimulus conditions (mean 6 SEM). More importantly,
however, subjects had no gross problems with upright
balance during these walks when the head was tilted for-
ward or backward. They made no stumbling reactions,
and the trunk and head remained closely aligned with
the vertical (Figure 2, left and right). It is, of course, likely
that the vestibular stimulus produces some smaller alter-
ations to segmental balance responses because it is not
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completely remove the roll component of the stimulus
vector.
When subjects walked with the head upright, tilted
slightly back from its primary position, the picture was
entirely different. The stimulus produced profound
problems with balance. A typical response consisted
of large lateral movements of the trunk and head and
stumbling reactions to preserve balance. The balance
response shown in Figure 2 with the head upright sees
the subject crossing her legs one in front of the other
and placing feet far apart, in marked contrast with the
orderly, narrow-based placement of the feet when the
head was tilted forward or backward. The footprints of
another subject who had less marked responses (Fig-
ure 1, upright) show the irregular foot placements asso-
ciated with this balance reaction. As shown, there was
a significant correction of the balance problem after
about four steps. From that point, subjects walked in
a fairly straight path. For this subject, the straight-ahead
phase was directed toward the target. For other sub-
jects, it was directed depending on their orientation on
regaining balance. These results advise caution in inter-
preting the results of previous studies in which vestibu-
lar stimulation has been applied. Invariably, the head
has been in a normal carrying angle of pitch so that the
virtual rotation vector would have a large roll component
and a lesser yaw vector of turn toward the side of the
anodal electrode. Thus, mixed balance and steering re-
sponses that are consistent in direction with the results
presented here, can be seen in data presented previ-
ously [13–15]. For galvanic vestibular stimulation during
standing, uncontrolled head pitch will result in signifi-
cantly different balance and reflex responses [16].
To determine whether the component of the vestibular
signal that is used to guide the trajectory of walking is
integrated with respect to distance walked, steps taken,
or time elapsed, we had subjects walk at twice the
Figure 2. Vertical Alignment of the Body
Alignment of the lower body, trunk, and head segments relative to
the vertical for the initial four steps of each walk. The upper half of
the figure depicts a typical pattern in which the vertical body align-
ment is maintained for the head-forward and head-backward trials
but tilts a long way in the direction of the anodal side during the
head-up trials. The graphs below plot the tilts of the trunk segment
(pelvis-neck) during the anode-right trials (group mean 6 SEM).cadence (104 versus 52 steps/min) or walk on the spot.
Walking at twice the cadence and taking the same num-
ber of steps, they covered the distance in half the time.
During this trial, they turned only half as much per step
(Figure 3A; 2.3 6 0.07 versus 4.6 6 0.08 degrees/step).
When the subjects stepped on the spot (Figure 3B)
and took 50 steps at 104 steps /min, there was continu-
ous turn throughout the trial at approximately the same
time rate (3.06 0.33 degrees/s) as the two walking trials
and at the same step rate as the fast walking trial (2.3 de-
grees/step). These turn rates also agree with an angular
velocity signal of 2.4 degrees/s estimated from ocular
responses to galvanic vestibular stimulation [17]. Thus,
we can conclude that during the periods of walking by
dead reckoning, the path is guided by a temporal inte-
gration of the vestibular signal.
The other major information source that the brain uses
to assess the body’s progress along a walked path
comes from the joints and muscles of the legs and pel-
vis. Processing of this podokinetic information can be
plastically biased to indicate turn in one direction by
walking on a rotating platform. The aftereffect manifests
as a deviation of the trajectory of gait similar to that
observed here [18]. The phenomenon does, however,
require very small steps and rates of walking. The likely
explanation for this is that walking any more quickly
would cause the low-frequency threshold of the semicir-
cular canals (21.5 degrees/s) [19] to be exceeded, and
this vestibular signal would be used to correct the devi-
ation. In the present study, the observed rotation rate of
4.0 degrees per s is comparable to the perceived turning
rate of 4.3 degrees per s for seated subjects exposed to
the same electrical stimulus [5]. Thus, it seems that the
reverse effect of podokinetic modulation of vestibular
deviation is either weak or absent.
The electrical stimulus applied here will also evoke
signals of linear acceleration or gravitational tilt from
the otolith organs. These signals will undoubtedly pro-
duce measurable balance responses analogous to those
observed when one is standing [16] because the signals’
vectorial direction appears to be transverse to the head
[6]. However, it is important to note that there is no
head-referenced linear acceleration vector that would
change with head pitch to produce the effects that we
have observed here on guidance and balance. Also, the
available evidence indicates that these will be relatively
minor effects compared with those we report here [16].
The reason for this is that, although the electrical stimu-
lus affects the firing of individual sensory nerves from the
otolith organs in the same way that it affects those from
the semicircular canals [4], the vectorial sum of the
signals from the entire population of otolith neurones
is small [6].
Signals from the otolith organs encode the total grav-
ito-inertial acceleration vector. This vector can have a
component produced by the tilt of the head in the grav-
itational field and another produced by linear inertial
acceleration. By using the semicircular canal signal of
head rotation, the brain can decode the otolith signal
and resolve it into gravitational and inertial components
[20]. By processes such as this, the vestibulo-ocular re-
flex stabilizes the visual field by producing appropriate
torsional eye movements to compensate for tilt of the
head and horizontal eye movements to compensate
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(A) Foot placements of a typical subject walking toward the target at two different cadences (52 steps/min and 104 steps/min) while holding the
head down. There was a smaller turn during the 6 min walk with a fast cadence (104 steps/min) than a slow cadence (52 steps/min).
(B) When subjects stepped on the spot for 50 steps, there was no mean change in orientation with the head up (center row) regardless of the
stimulus. With the head tilted forward (top) or backward (bottom), subjects slowly turned in a direction determined by the stimulus polarity
and head orientation. The turn shown is the group mean from the starting direction (). The error bars represent 1 SEM.for linear acceleration of the head. We show here some-
thing like the reverse process; the brain decodes the
semicircular canal signal in a way that is contingent on
head attitude. The information needed for this process
is likely to come from the otolith organs or from less di-
rect sources such as gravity sensitive receptors in the
trunk combined with proprioceptive and efferent signals
about the posture of the body and the head. Analogous
processing of sensory signals exists for other sensory
modalities and tasks. For example, to control balance
when standing, the brain transforms visual signals
according to the posture of the head and direction of
gaze [21], and vestibular signals are transformed ac-
cording to the posture of the head [16, 22].
We set out to the Sydney Botanic Gardens, an open
parkland of slopes and meandering pathways, to test
the possibilities of this technique in more uncontrolled
conditions. Subjects were blindfolded and simply asked
to walk ahead while keeping the head tilted forward
to face the ground. By manually adjusting the stimulus
intensity and polarity (23 mA to +3 mA) we could, by re-
mote radio control, steer freely walking subjects so that
they kept to the paths and avoided obstacles for periods
of many minutes without an obvious change in the
strength or direction of the effect. Prolonged periods
(e.g., 15 min) of head immobilization in an eccentric po-
sition can reorient vestibular reflexes to those of the
head-neutral position [23]. Probably because the head
was not strictly immobilized and subjects actively held
the head posture, we did not observe this ‘‘return phe-
nomenon’’ here; the stimulus continued to produce
changes in gait trajectory rather than reverting to bal-
ance responses that would result if the response re-
turned to the roll of the neutral head-upright position.Our ability to steer locomotion and produce illusions of
body rotation [5] leads us to expect that stimulation
techniques developed from those that we used here
will provide a fundamental understanding of the pro-
cesses of spatial representation and transformation in
the brain and thus lead the way to diagnostic, therapeu-
tic, and virtual-reality applications.
In conclusion, we have shown that the brain uses sig-
nals from the semicircular canals to control human walk-
ing. The brain does this by extracting two earth-refer-
enced orthogonal components from a unitary signal:
one signal in a vertical plane for balance control and
the other in the horizontal plane for navigation. These
processes are the neural equivalents of distinct calcula-
tions that generate the cross product between the head-
rotation vector and the terrestrial vertical vector for the
balance response and the dot product for the navigation
response. The prominent persistent symptom associ-
ated with loss of semicircular canal function is oscillop-
sia, a perceived swinging of the visual field when the
head moves, from which it is often inferred that the func-
tion of the semicircular canals is largely visual stabiliza-
tion. We show that the canals additionally provide a
physiologically important signal that is used for balance
and steering. These dual roles of balance and steering
for the semicircular canals explain why people who suf-
fer vestibular disorders can have difficulties with both
balance [24] and navigation [9] when they walk. The bal-
ance system rapidly adapts to its component of the ves-
tibular signal presumably by other sensory sources sig-
naling to the brain that the response is causing a true
misalignment of the body [12]. No such modification oc-
curs with the component of the vestibular signal used
by the brain’s navigation system. The dead-reckoning
Resolving Head Rotation
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absolute determination is made by visual identification
of the target.
Experimental Procedures
Five female and five male subjects, aged 25 to 38, consented and
participated in this experiment. The experiments had been ap-
proved by the institute’s human ethics committee and conformed
to the Declaration of Helsinki.
Virtual Head Rotation
The semicircular canals of the inner ear sense rotation of the head.
The nerves from the sensory hair cells within the canals spontane-
ously fire at a rate of about 90 times per second when the head is mo-
tionless. Depending on the direction of rotation, this static firing rate
of the nerves from the canal either increases or decreases in propor-
tion to the angular acceleration when the head rotates in the plane of
a canal. In other words, rotation is encoded by frequency modula-
tion of neuronal firing. The three canals on each side of the head
are at right angles to each other, which is the optimal orientation
for neural networks in the brain to generate an accurate internal sig-
nal of the direction and amplitude of head rotation by vector summa-
tion of the signals from all canals.
Weak electrical currents applied to human subjects modulate the
continuous discharge of the sensory nerves from the vestibular or-
gans; anodal currents decrease the firing rate, and cathodal currents
increase it [4]. From the otolith organs, the currents evoke a signal of
linear acceleration transverse to the head [6, 16]. From each semicir-
cular canal, the currents evoke a signal that would normally signal
rotation in the plane of the canal. The vector sum of the signals
from the three semicircular canals on each side represents the net
signal of head rotation. Thus, this evoked signal is determined by
the geometrical alignment of the canals in the skull and the orienta-
tion of their hair cells. Modeling [6], neurophysiological [11, 16], and
psychophysical experiments [5] show that bipolar stimulation (an-
odal current at one ear and cathodal at the other) evokes from the
semicircular canals a signal of rotation. The axis of that rotation is
about an axis in the anteroposterior plane directed forward and
downward by 19 from a plane defined by the external ear canals
and the lower orbital margins (Reid’s plane). Thus, this electrical
stimulus produces a vestibular signal that the head is rolling side-
ways about its long axis when, in fact, it is stationary. In terms of ves-
tibular signal, we created a virtual head rotation [17]. The important
point is that this virtual head rotation is always about a head-refer-
enced axis. This means that when the alignment of the head
changes, so too does the axis of rotation in the terrestrial coordinate
frame.
Protocol
Subjects stood on a starting line and viewed a target on the ground
6 m ahead. When they were ready and had their head in the desired
alignment, a blindfold was applied. After a 4 s countdown they
began walking forward by stepping first with the right foot, to the
beat of a metronome. They were instructed to arrive at the previously
seen target.
In randomized trials, the axis of virtual head rotation was aligned
differently in the terrestrial coordinate frame because subjects
held their head at different pitch angles as they walked. Walking
was tested with the head upright, tilted forward, and tilted backward
at angles that were precisely established with a level and protractor
before the walk. With the head upright, the angle of virtual head ro-
tation (inclined 19 from Reid’s plane) was horizontal in terrestrial
coordinates so that the signal represented a sideways roll relative
to the Earth. When comparing the results of these testings with
those previous, it is important to note that in this upright position,
the head was tilted backward from a normal carrying angle by
20–30 degrees. The pitch angles with the head tilted forward and
backward were such that the virtual head-rotation axis was aligned
with the true vertical and, thus, the signals represented oppositely
directed turning yaw of the head relative to the earth.
The electrical stimulus was 1 mA, delivered by an isolated current
source to surface electrodes (3 cm2 AgCl), adhered behind the earsto the mastoid processes. The stimulus current started at the time of
the ‘‘go’’ command and persisted for the duration of the walk. For
each head position, we tested three stimulus conditions: (1) an-
ode-right cathode-left, which produced virtual head rotation to the
left, (2) anode-left cathode-right, which produced virtual head rota-
tion to the right, and (3) no stimulus. Subjects were tested at two
walking cadence rates: ‘‘slow’’ at 52 steps/min and ‘‘fast’’ at 104
steps/min. Two trials of each condition made a total of 36 trials
that were presented in random order. At the end of a trial, the blind-
fold was left on, and the subject was guided back to the start point
along a circuitous route so that they had no feedback of where their
walk had ended.
Measurement
Subjects had LED markers attached over each heel, the sacrum, the
seventh cervical vertebra, and the back of the head. Digital video
cameras recorded the walks from behind with a 30 Hz frame rate.
Foot placements and the tilt of the body segments were calculated
from the digitized marker positions in the next video frame after that
at which heel contact was identified; in other words, that the mea-
surements were made at 33–67 ms after the true heel strike. For
each step, the midpoint of the line joining the two heels was deter-
mined. This point was tracked from step to step so that the turn in
walking trajectory for each step. The tilt of the trunk segment was
calculated as the lateral angle to the vertical between the sacral
marker and the cervical marker. For the stepping-in-place trials, ro-
tation in yaw was measured with a protractor as the angle between
the lines joining the two big toes at the beginning and end of the trial.
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